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ABSTRACT: 
Raman spectroscopy is a promising method for detection of a wide range of water 
contaminants. Raman spectroscopy’s growing list of applications relies upon signal 
enhancement achieved in recent years. A test strip or substrate designed to optimize 
Raman spectra, capable of withholding water and enhancing signal, would be a useful 
tool for applications including water quality tests. Signal enhancement may be achieved 
by the addition of silver nanoparticles (NPs) into a three-dimensional structure of 
cellulose nanofibers (CNF). The magnitude of signal enhancement may be related to 
nanoparticle size and morphology, and so control over the synthesis of silver 
nanoparticles could prove essential to this emerging technology. Particle diameter may be 
controlled by careful selection and concentration adjustment of the reducing agent in 
addition to varying the reaction’s duration. In addition to the resulting size, the reliability 
of the signal would rely upon its reproducibility, which would in turn be affected by the 
size distribution of nanoparticles produced, as well as their even dispersion within the test 
strip. To produce a nanoparticle engineered for use within a cellulose nanofiber substrate, 
a number of these parameters were investigated. 
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Chapter 1: Introduction 
Potable water is estimated to be a concern for over 2 billion people worldwide. 
The World Health Organization reported in 2015 that the number of individuals drinking 
from water containing feces was more than 1.8 billion, and of these 660 million were 
relying on water from unimproved sources, i.e. naturally occurring water sources without 
any man-made improvements [1, 2]. 
Figure 1 shows the extent to which 
the global population is subjected to 
drinking from unsafe sources. In 
countries highlighted in black, less 
than 50% of the population had 
access to reliable, safe water [1]. 
Consequently, over a half million 
people died from diarrhea after consuming water containing bacteria or vectors which 
lead to diseases including cholera, dysentery, and typhoid [1, 2]. 
Lack of access to safe water due to economic reasons (i.e. an African village 
without the capabilities or resources to purchase a water quality test) has been reduced, 
but has far from been eliminated. It is estimated that to prevent sickness, healthy adults 
require up to 50 liters each day for drinking and bathing water, a volume not currently 
met by 50% of the population in over 47 countries worldwide [1]. 
A consistent, cheap, and portable device for optically analyzing water samples 
would provide a large population of the world with the ability to test for a wide range of 
Figure 1: Worldwide drinking water quality [1] 
 
 
2 
known water contaminants. This would potentially prevent spread of disease, and 
indicate demand for water purification given knowledge of potential safety concerns or 
lack thereof for local water supplies [2]. 
Three routes that would make use of the same chemical processes were 
considered for determining if a water source contains pollutants. The first was direct 
detection, in which the pollutant itself is detected through chemical processes. An 
example of this technique may be the combination of high performance liquid 
chromatography and high resolution mass spectrometry (HPLC-HRMS) technologies, for 
which detection of target products relies upon large test volumes over time [3]. It is costly 
and careful sample preparation considerations. A second route for determination of water 
safety relies upon the reaction chemistry in that an intermediate or associated compound 
to the pollutant must be degradable, and capable for use in identification of the larger 
group of hazardous chemical products. This could also involve a similar chemical 
process, but as the chemicals might be found in higher concentration, there is a greater 
margin for the detection limit [3].  Finally, testing for a select few target molecules, 
which are proven to commonly arise in contaminated water supplies, may be utilized [3]. 
This method may be applied to a potable water test featuring Raman spectroscopy, the 
method chosen for this project. Raman spectroscopy with enhanced signal is capable of 
detecting a wide range of molecules [4]. However, Raman devices are incapable of 
detecting a number of elemental inorganics and have difficulties generating adequate 
signal for detection of water, a polar solvent [4, 5, 6]. 
Organic molecules are targeted specifically due to their increased contamination 
levels caused by hazard-containing waste and by-product producing materials including 
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fertilizers, herbicides, i.e. glyphosate, surfactants including perfluorinated compounds, 
pharmaceuticals, flame retardants, and by-products of disinfectants, i.e. haloacetic acids 
[2, 3]. In rapidly developing countries, mismanagement of resources has led to serious 
pollution of water supplies. For instance, India and China have seen remarkable 
agricultural growth over the past century, but are severely lacking the regulations and 
laws present in many Western countries such as the United States. This leads to the 
presence of harmful chemicals in water supplies downstream from agricultural crops, due 
to runoff [2]. To compete with other emerging technologies, the detection limit of these 
organics would need to be equal to or less than a few nanograms per liter [3]. 
Importantly, Raman is also capable of detecting most human and biological wastes, as 
proteins and nucleic acids critical to life have distinct peaks [4]. 
Raman spectra are considered to be unique to molecules, providing a “fingerprint” 
from sample contents that may be used to accurately and consistently detect the presence 
of numerous molecules [4, 5]. Surface-enhanced Raman spectroscopy (SERS) was 
chosen for its improved signal and its specificity, practicality, and lack of bleaching or 
damage to samples [5].  This technique is inexpensive relative to mass spectroscopy, high 
power liquid chromatography, and fluorescence spectroscopy (fluorometry) [7]. Infrared 
spectroscopy is a poor choice for tests of water due to a large hydroxyl peak 
corresponding to water, which makes distinguishing potential peaks within the same 
region impossible [6]. Many of these techniques, in addition to currently not being as 
economically feasible for the desired level of widespread use as Raman spectroscopy, 
may require knowledge to maintain and operate; this would include proper sample 
preparation and machine maintenance. The potential for a portable Raman test is a 
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significant benefit, as well as the lack of significant sample preparation, which is needed 
with chemical techniques such as mass spectroscopy [5]. The necessary components of a 
Raman setup could be scaled down to a relatively inexpensive handheld device [8]. Of 
the many optical methods available, it was determined that Raman spectroscopy was best 
suited to the desired application. 
Although Raman spectroscopy is an excellent choice, there are serious concerns 
such as the weak signal generation. To solve this problem, a technique known as surface 
enhanced Raman spectroscopy may be used [5]. Jiang and Hsieh were successful in 
SERS signal enhancement through synthesis of silver nanoprisms embedded within 
cellulose nanofibrils [9]. Sodium borohydride, NaBH4 was used as a reducing agent, and 
the CNF acted as a capping agent to sterically stop further growth of silver 
nanostructures. Using Rhodamine 6G dye, the CNF-silver substrate was shown to 
increase signal intensity by a factor of approximately 5*103 [9]. 
A gradient in porosity within a strip of CNF was proposed to aid in the transport 
and wicking of water through the hydrophilic, wettable surface 
microcapillaries. Water may travel slowly through into the bulk, aided 
significantly by hydrogen bonding and the adhesive and cohesive 
forces, and driven by the pressure gradient. Molecules will concentrate 
at the contact surface between the CNF composite matrix and aqueous 
solution, as hydrophobic analyte interacts with the carbon backbone of 
cellulose. As seen in Figure 2, the desired composite matrix has a 
porous surface into which analyte-containing water will flow as sample 
Figure 2: Model 
Porous Test Strip 
made within 
Solidworks CAD, 
pores not to scale  
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is added directly to this surface. On this porous surface the pollutants may be found even 
after the water is drawn by capillary action into the bulk of the test strip. This area of 
composite matrix will be targeted with the laser for Raman detection, and should have 
silver nanoparticles present at a sufficiently high concentration and properly dispersed. 
This would ensure the local enhancement effects of SERS are capable of reliably 
detecting pollutant concentration. Long term stability of the silver nanoparticle and CNF 
system (composite matrix) is essential for this to be a feasible solution for reaching third 
world communities. 
Although implementation of any water quality testing discussed would require a 
sizeable initial investment, it is foreseeable that the test strips discussed could be made to 
be remarkably inexpensive. Chemicals for silver nanoparticle synthesis are inexpensive, 
the synthesis process is not overly involved, and CNF is made of cellulose, the most 
abundant polymer in the world [10]. Synthesis of these substrates would also not 
necessarily involve processes requiring long time durations, or more than 7 days [10]. 
CNF would also have the added benefit of being a disposable material. The disposability 
of silver nanoparticles is debatable; studies have largely proven their cytotoxicity to 
bacteria, though at the concentrations within a CNF composite matrix they would likely 
pose no health threat to animals [8]. The relative simplicity and low cost make the 
proposed substrates an excellent candidate for one-use disposables, provided some care 
may be taken with the disposal of silver nanoparticles. 
This paper details work done to create a stable, highly reproducible substrate of 
porous cellulose nanofiber embedded with evenly-dispersed silver nanoparticles for water 
quality testing utilizing Raman spectroscopy. Work focused upon producing 
 
 
6 
monodisperse, or similar size, silver NPs of desired size range and adjusting solution pH 
for improved entrainment and surface interaction within cellulose nanofibrils, as well as 
potentially greater signal enhancement in future tests. 
Chapter 2: Background and Theories 
2.1: Raman Spectrophotometry 
 Raman spectroscopy has become increasingly utilized in recent years for 
biological applications [4].  It requires minimal equipment to track chemical and 
biological changes in real-time [4]. Portable Raman setups are feasible, and cost-effective 
relative to other methods of testing the chemical state of a biological system; ReporteR, 
TruScan, and Tellspec are all currently available portable Raman spectrometers [8]. 
Raman spectroscopy measures the vibrational, rotational, and near-infrared modes 
of a molecule through detection of changes in energy, or corresponding frequency, (10-
10,000 cm-1) in scattered light [7, 8]. The light scattering is directly related to 
polarizability, which is a function of how tightly a molecule holds its electrons [7]. The 
orientation and ordered structure of bonds, levels of hydrogen bonding, molecular 
symmetry, and atomic weights within a sample affect the generated Raman spectra [8]. 
In the presence of an electromagnetic field, the electron cloud of a molecule may 
experience a change [8]. The incident laser provides the electromagnetic field, and upon 
interaction with molecular vibrations, a change in the electron cloud is measured when 
the laser’s frequency shift is determined by a detector [8]. As shown by Equation 1, the 
polarizability (α), and intensity of the electric field (E), are related to the induced electric 
dipole moment of a molecule, (P), by the equation,  
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Consequently the laser source and power must be chosen to fit the signal needs as the 
electric field is controlled by the intensity of electromagnetic radiation, the light emitted.  
Moreover, the wavelength, typically of monochromatic or single wavelength light, at 
which the light source emits may be an important decision depending upon the desired 
application as a specific wavelength may be chosen corresponding to a frequency value at 
which a target’s electrons resonate, increasing signal [8]. 
A beam of laser light contacting sample may experience a lasting change in 
energy, E, and corresponding wavelength, λ, and frequency, v. The velocity of light in a 
vacuum, c, and Plank’s constant, h, complete the relationship given by Equation 2, 
 
This change is known as a Stokes shift if the photon loses 
energy and increases in frequency, and anti-Stokes shift if 
energy is gained while frequency lost [5, 8].  This means that 
with a molecule’s return from the virtual or excited state 
induced by excitation by a laser light source, the Stokes shift 
will see energy absorbed by the molecule, and lost from the 
photon. Thus the molecule returns to a rotational energy state higher than that at which it 
was previously, as seen in Figure 3 [8]. The photons emitted are then read by a detector. 
Rayleigh scattering is the term for when a molecule experiences a virtual energy state 
Equation 1: Polarizability Relationship 
Equation 2: Einstein Photoelectric Effect  
Figure 3: Energy state diagram for Raman shift, 
Rayleigh scattering, and IR  
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upon laser excitation only to return to its original energy state [5].  Rayleigh scattering 
confers no information of the system to the detector, as it is the emitted light is at the 
wavelength and frequency corresponding to the light source itself rather than signal 
indicating a change in energy upon the molecule leaving the virtual state. This is shown 
in Figure 3 as the red arrow returns to the ground state [5]. Rayleigh scattering is called 
elastic scattering, while both Stokes and anti-Stokes are inelastic scattering [5]. 
Raman spectra often exhibit a 99% reduction in the intensity of laser light [11].  
Less than 1% of photons emitted by the light source experience Raman scattering by the 
sample and reach the detector; Rayleigh scattering dominates. [11].  Over time this mode 
of spectroscopy has drastically been improved, broadening its uses to include biology [4]. 
Intensity of scattered light Iscattered, or Mie scattering taken at the Rayleigh limit for 
resolution is given by Equation 3, 
 
where m is a factor that encompasses molecular properties and confers the refractive 
indexes of both molecule and surrounding media or solvent, r is radius of the molecular 
cross-section, and wavelength is given by λ. 
Li et al. indicate the necessity of a standard dye from which to base all other 
spectra [6].  The nature of the optical setup may give rise to significant changes in spectra 
intensity due to seemingly minor changes in the laser source used, laser intensity, and 
positioning [5, 6].  Raman spectra relative to a standard may be used to understand the 
Equation 3: Light Scattering  
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system, done through comparison to a known concentration of standard within the same 
sample or to the standard externally for relative peak location [6].  Due to the relativistic 
nature of Raman spectra, intensity is given in arbitrary units, a.u. Conveniently, if done 
properly, a molecule’s Raman spectra intensity is directly proportional to its 
concentration [6].  Spectra are plotted with the intensity of inelastically scattered light 
(arb. units, AU, or a.u.) as the dependent variable and the Raman shift from the incident 
laser source, given as a frequency, or wavenumber (cm-1), as the independent variable 
[6]. 
2.2: Surface Enhanced Raman Spectroscopy (SERS) 
In 1997, detection of a single crystal violet molecule was achieved [8]. This was 
possible because of techniques such as SERS, or surface-enhanced Raman spectroscopy. 
SERS was developed to increase the intensity of Raman spectra through polarizability 
and increased electromagnetic field of a molecule with the local surface plasmon 
resonance effect [5]. Provided a molecule is capable of experiencing a change in 
polarization and is located between two metallic nanoparticles, the effective 
electromagnetic field often experiences an increase as electrons at a region of the 
nanoparticle’s surface oscillate in resonance with the laser frequency [8]. The strength of 
the oscillation of electrons in gold and silver nanoparticles at a laser source frequency is 
rather unique [8]. 
The LSPR effect is most intense at wavelengths corresponding to values across 
the shoulder of the nanoparticle absorbance peak; the frequency at which the laser source 
emits light and the frequency corresponding to the peak absorbance intensity for silver or 
gold nanoparticles do not have to be perfectly aligned [8]. The monochromatic 
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wavelength of the laser source used in this project emits light at a wavelength of 532 nm, 
and the peak absorbance intensity for most silver nanoparticles is between 400-470 nm. 
The SERS effect for a 532 nm laser source produced by silver nanoparticles was still 
found to be at a satisfactory value, as signal enhancement through SERS was shown to 
increase spectra intensity by a factor of approximately 1010 in tests of dilute crystal violet 
solutions. 
Enhancement on the order of 106-108 has been reported for systems optimized to 
increase signal strength [8]. If properly aligned between two nanoparticles, 
electromagnetic enhancement goes by E4, while the chemical enhancement is 
approximately 102 [8]. This electromagnetic enhancement appears to rely heavily upon 
position between two nanoparticles; that is to say that without both nanoparticles creating 
a "hotspot” and only one nanoparticle in the nanoscale vicinity of an analyte, the 
enhancement would be less than E2 [5]. 
The surface plasmon excitation of valence electrons in resonance with the laser 
increases the localized electric field, is the electromagnetic mode of enhancement [8]. 
Chemical enhancement is responsible for the increased change in polarizability [8]. At 
least three modes of this chemical enhancement were proposed: ground state chemical 
enhancement, resonance Raman enhancement, and charge-transfer resonance [8]. Ground 
state chemical enhancement is due to an alteration in the distribution of target molecule’s 
electron cloud because of the metal’s presence [8]. Resonance Raman is possible when a 
new electronic state is generated resonating at the laser’s frequency [8]. This new state is 
the result of covalent bonding between target molecules and either the NP or ions. 
Charge-transfer resonance relies upon a charge transfer and the difference in Fermi 
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Energy of metal and analyte [8]. The difference in energies of the metal and the highest 
occupied molecular orbital (HOMO) or lowest unoccupied molecular orbital (LUMO) of 
analyte must match that of the laser [8]. As a result signal is enhanced provided the 
wavelength is in resonance with charge-transfer transitions [8]. 
  
The electric field is dependent upon the dielectric constant of the NP [8].  The 
dielectric constant ε in Equation 4 of silver nanoparticles is approximately 10-100 times 
greater than gold, making silver a better choice for SERS applications in this respect [8]. 
Equation 4, the dielectric constant, will determine the localized surface plasmon 
resonance; the square of refractive index is also equal to this quantity. It also shows that 
the refractive index may be related to the absorption coefficient of the nanoparticles k. 
The extinction as a function of wavelength and the dielectrics of a particle is shown by 
Equation 5. 𝜒 relates the nanoparticle shape into the equation, or the aspect ratio [8]. The 
geometry of all nanoparticles synthesized by the methods attempted would in theory have 
values for this constant approaching 1. This one may infer from TEM and SEM images, 
as the majority of particles appear spherical, which is necessary for accuracy of Mie 
theory approximation. 
It was hypothesized that to optimize signal 
enhancement, a balance between nanoparticle 
stability, dispersion, and size must be reached. 
Equation 4: Dielectric Relationships and LSPR  
Equation 5: Solution of Maxwell’s 
Equations for spheroid metallic NP  
Figure 4: Optimization of Silver NP size and 
dispersion within pores  
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Particles of 100 nm size ranges may present large gaps when entrained within fibers, 
whereas 30-50 nm particles would allow for the enhancement in multiple directions. As 
illustrated in Figure 4 the predicted model is one in which mid-range nanoparticles, 
shown in the left image, create a greater effective surface area of enhancement, whereas 
the larger nanoparticles in the depiction to the right do not enhance the field for as large a 
volume of space within the CNF matrix. Red lines are used in this illustration to propose 
areas experiencing surface enhancement. 
2.3: Silver Nanoparticles 
Nanoparticles are typically defined as a particle ranging from 1 to 100 nm [8]. 
Colloidal silver contains silver particles, typically stably suspended in solution, of which 
each silver particle is comprised of 1000-58000 silver atoms [8]. Silver nanoparticles are 
of particular interest due to their electrical and chemical properties. Silver nanoparticles 
have been used extensively for their antimicrobial activity, [4, 8] and similar silver 
nanoparticle-loaded microporous structures to those made in this paper were investigated 
for this application [8]. As the size of silver nanoparticles is believed to be of great 
importance to its functionality as an antimicrobial [8], work done in this paper may be 
used in future development of this technology. 
As a noble metal, silver is inert and its valence shell of electrons is near 
completing its full octet [12]. As a result of the octet rule, oxidation-reduction reactions 
are energetically favorable upon ionic separation of an insoluble silver salt in solution 
[12]. Of additional significance are silver’s electronic and chemical properties for use in 
Raman spectroscopy. Silver and gold nanoparticles both exhibit surface resonance at 
wavelengths within the visible spectrum [8]. This is excellent for Raman, as the 
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resonance frequencies may be aligned closely with the laser wavelength used. Ideally the 
SERS substrates created produce the greatest increase in electronic resonance. Silver may 
not hold its electrons as tightly as gold, making enhancement by electronic oscillation, 
delocalized electrons [5]. Silver is also less expensive than gold. 
There is potential for formation of silver oxide with similar methods of reduction 
in making silver nanospheres detailed in the paper [13]. Silver oxide would not be ideal 
for Raman spectroscopy, as the structure is lacking in electron cloud delocalization [13]. 
As such, future work may involve taking x-ray diffraction readings to test for the 
presence of these unwanted silver structures. 
2.4: Why Cellulose Nanofibers 
Cellulose is a polysaccharide, or polymer, made of sugar subunits. D-glucose is 
connected by β(1à4) linkages in long chains [7, 14]. It is the most abundant polymer in 
the world, making mass production of cellulosic products feasible and potentially 
inexpensive [15]. At the University of Maine Pilot Plant facility, 1 ton of 3 wt% cellulose 
nanofibril slurry can be produced in a day using the mass colloider, which creates forces 
capable of separating pulp into cellulose nanofibrils (CNF) [16]. Some analysts anticipate 
the market for cellulose nanofibers to reach as high as $8 billion by 2030 [15], a figure 
that indicates future growth in production of CNF and consequently the potential for 
lowered cost. 
Cellulose nanofibrils were chosen for the substrate into which silver nanoparticles 
were embedded. CNF is made of long fibers, or long strings of cellulose [17]. The desired 
material would exhibit roughness on the bulk surface [5], for which cellulose nanofibers 
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are well suited. Silver nanoparticles and biomolecules alike may associate with or are 
trapped in the many strings of cellulosic fibrils as the largely hydrophilic polymer is 
wetted with sample. As a material with hydrophilic groups, cellulose forms hydrogen 
bonds with water molecules, and solution is brought into the composite matrices by 
capillary action. Soluble molecules are brought along with the water. 
Cellulose nanocrystals were also considered for use as a polymer substrate. The 
structure of individual CNCs is described as similar to crystalline needles several hundred 
nanometers in length and 10-20nm in width [17]. During the synthesis of CNC, acid 
removes most amorphous moieties, leaving a highly crystalline product [18]. The 3D 
structure of CNC is structurally weak, composed of thin layered sheets [17, 18]. As such, 
CNF is capable of withstanding greater compressive forces than CNC at equal volume 
percentages greater than 1.5%, or porosities less than 98.5% [17]. At a value of 94% 
porosity of CNF, the Young’s Modulus for CNF is nearly 3 times that of CNC, 
approximately 2100 GPa compared to 800 GPa [17]. It is believed that the final porosity 
desired for use as a composite matrix for Raman spectroscopy is lower than those values 
tested for compressive strength within the literature. Extrapolating from the trend in 
literature values, it appears as though the Young’s modulus value for CNF continues to 
increase relative to that of CNC, suggesting CNF is a significantly more durable material. 
Although the CNF composite matrices at porosities utilized for the Raman SERS effect 
may not be considered conventionally strong materials, they are not as prone to 
crumbling upon handling as with CNC composite matrices. CNC may be quasi-isotropic, 
or have a similar layered sheet structure in two dimensions [18], a feature beneficial for 
reproducible readings, but ultimately CNC does not offer the material strength of CNF. 
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The porous structure of designed substrates was possible by controlled removal of 
water from CNF by a pressure drop across porous bricks in which the CNF dries. The 
Hagen-Poiseuille Law, Equation 6, can be used to describe fluid flow through a rigid, 
single, circular microscale pipe [19]. Equation 7 describes the flow through a porous 
media with its own permeability, Darcy’s Law, which is derived from Poiseuille’s Law 
[20].  The permeability factor, or hydraulic conductivity, describes the tortuosity, or 
degree to which the pores are misshapen or have bends [20]. 
  
The rate of water removal, and thus the rate of porosity change, is dominated by the 
capillary forces of the porous blocks which make up the drying setup. Blocks are added 
to the top of the drying slurry after approximately 2 hours, providing weight needed to 
expedite the drying process and ensure the CNF density was sufficient. 
The “skin”, or more dense and low porosity CNF near each of the drying setup’s 6 
sides, is more exposed as it is in contact with the porous blocks.  The skin forms a more 
ordered structure with increased levels of hydrogen bonding density. All water lost from 
CNF exits through the outer layer of CNF in contact with the blocks of the drying setup. 
Smaller pores result, as water near the surface has less distance to travel and is more 
likely to exit through the porous blocks than water near the CNF center, which has farther 
to travel and does not as strongly “feel” the capillary forces generated by the porous 
blocks. 
Equation 6: Poiseuille’s Law  Equation 7: Darcy’s Law  
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An aerogel is an air solid colloid [21]. Following removal from the drying setup, 
the substrate is made into an aerogel. The water is frozen by liquid nitrogen to ice-
template, or preserve structure, and then sublimated in a freeze dryer to remove it. These 
aerogels are stable and it is in this form that Raman spectra and final porosity 
measurements are taken. 
2.5: Colloidal Chemistry 
The colloidal stability, or stability of a solution of suspended particles as with the 
silver NP solution, is governed by electrostatic interactions [21]. Citrate ion adsorbed to a 
nanoparticle surface in an electrostatic double layer repels aggregation of other particles 
by repelling the negatively charged surface of the citrate adsorbed nanoparticle [21]. 
Zeta potential is an indication of stability, as it is an indirect measurement of 
distance between particles, the mean free path, and the Debye length [21, 22].  Negatively 
charged citrate ion, or borohydride ion electrostatically attracted to the slightly positive 
silver nanoparticle surface builds a double layer, repelling similarly coated silver 
nanoparticles to avoid aggregation [21, 23]. Zeta potential is a measure of the strength of 
repulsive or attractive charges between particles in solution [21]. At low sodium citrate 
concentrations, the silver nanoparticle is not fully covered in adsorbed citrate ions [23]. 
Consequently, if the orientations of nanoparticles are such that negatively charged citrate 
adsorbed to one nanoparticle surface is attracted to a positively charged “bald spot” on 
another nanoparticle, the nanoparticles may form an aggregate [23]. This may be 
prevented by adding citrate until the nanoparticle surface is entirely covered in adsorbed 
citrate, ensuring the nanoparticles experiences a repulsive force. Addition of too much 
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sodium citrate will result in a strong screening effect, as sodium ions dampen the strength 
of the electric field created by the electrostatic double layer [24]. As concentration of 
positively charged sodium ions increases, the field generated by the negative citrate ions 
on the nanoparticle surface is felt less in their presence, as field is cancelled and repulsive 
force lessened [24]. The Debye length is a measure of the distance a particle’s charge is 
felt, and may be used to describe this system [5]. 
Van der Waals forces are responsible for the clumping of nanoparticles within the 
CNF composite matrices [12, 21]. Molecules will have a momentary dipole due to the 
relative position of electrons within the valence shell, as governed by the Pauli Exclusion 
Principle [7]. This momentary dipole may serve to attract similar molecules. The citrate 
ion is necessary to prevent aggregates from forming by creating an electrostatically 
charged double layer such that the attractive London dispersion force from two silver 
nanoparticles is negligible relative to the electrostatic force of the negatively charged 
surfaces comprised of citrate ions [21]. The proximity of nanoparticles and the influence 
of van der Waals forces are thus minimized. 
Mean free path refers to the distance a particle must travel before colliding with 
another particle [21]. It is a function of the number of particles, particle diameter, 
solution volume, and average particle velocity [22]. During the reaction, particle velocity 
is affected by the rate of stirring in addition to the thermal noise or Brownian motion of 
particles, and electrostatic forces at play within the reaction [21]. In the colloidal system 
without stirring, Brownian motion and electrostatic forces affect the velocity of particles 
and rate of particle collision. The collision of solvent molecules with particles produces 
randomized motion that increases with temperature, or thermal energy of the system [21]. 
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pH generally affects affinity for electrons, and may determine if the hydroxyl 
group of citrate is protonated or deprotonated.  Consequently, adjustment of pH may 
affect the zeta potential and electrostatic charge repelling nanoparticles [23]. Stability 
will be affected again by how charge is “felt” and the effective repulsion forces; or the 
Debye length of silver NPs [24]. 
2.6: Current Methods of Silver Nanoparticle Synthesis 
Silver nitrate is an electrolyte, soluble in water, and consequently will dissociate 
to its ions, as will sodium citrate [12]. Following the octet rule that atoms favor a full 
valence shell of electrons and this may be achieved through an oxidation-reduction 
reaction, citrate will act as a reducing agent and donate its electron to silver [12]. 
Likewise nitrate will do the same and donate its extra electron to sodium, forming an 
ionic bond [12]. The sodium ion in solution has less of an effect upon the solution than 
citrate does [23]; a metal with a different charge or electronegativity than sodium could 
negatively alter the kinetics. 
The extent to which these molecules are insoluble in water may be described by 
the solubility product constant, Ksp [12]. Varying levels of insolubility and the extent to 
which the molecules dissociate in water are different between compounds chosen for 
synthesis [8, 12]. The solubility constant was considered by Bastús et al. when deciding 
upon the concentration of reducing agent [25]. Chemical reduction is the most common 
method of silver nanoparticle synthesis. Insoluble silver salts separate in solution, leaving 
ionic Ag+ to be reduced to the ground state Ag0. This reaction typically occurs within the 
order of 200ms [12]. Reduction of silver is then followed by nucleation, as small clusters 
of reduced silver are formed and then collide [8]. As reducing agent and ionic silver are 
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consumed throughout the reaction, less Ag0 is produced, so fewer new “seeds” are 
formed. This means rather than formation of new Ag0 dimers, followed by trimers, and 
clusters, the Ag0 is more likely to collide with a larger forming nanoparticle, coalescing, 
or aggregating. Coarsening is an intermediate stage that may arise in which small, 
nanoscale particles collide, perhaps <5 nm in this context; aggregation will be used to 
describe clustering of particles greater than this [21]. The general formation of 
nanoparticles may be modeled with Ostwald ripening kinetics, 
 
This relates the average particle radius, (R), to the solubility of the ground state silver 
within a nanoparticle, (c∞), the surface energy (γ), and the diffusion coefficient of the 
elemental silver, (D) [21]. Further into the reaction, the rate of new Ag0 approaches zero 
and the particle formation kinetics change as clusters of smaller silver nanoparticles 
aggregate to form larger nanoparticles [8]. 
Sodium citrate in particular offers a simple and well characterized reaction. 
Another common reducing agent, sodium borohydride, offers a more vigorous, rapid 
reaction [26]. This is evident in comparison of the reduction potentials; sodium citrate’s 
reduction potential is -0.180V whereas sodium borohydride has a value of -0.481V [8]. In 
recent years, efforts have been made to produce monodisperse silver nanoparticles from 
so called “green” methods of synthesis. Gum acacia, or gum arabic, and 
polyvinylpyrrolidone (PVP), among other plant-based resins, polymers, sugars, and weak 
acids, have been used as capping and reducing agents [8, 27]. 
Equation 8: Ostwald Ripening 
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The reaction of silver nitrate with sodium borohydride produces a robust reaction 
[28]. Silver nanoparticles made with this strong reducing agent may be too small or too 
large for application within Raman spectroscopy, as lowered control over size comes 
with the rapid reaction time [28]. 
Photochemical reduction has been used to produce nanoparticles, one such 
synthesis with literature values of diameter in the 10-20nm range, controlled by PVP [8]. 
A laser pointed at a silver surface produces nanoparticles by laser ablation, irradiating a 
surface with energy until silver atoms and plasma particles are released which then 
aggregate to form solid particles [8]. This process begins with nucleation, followed by a 
phase transition, and finally the aggregation stage similar to what is seen in 
electrochemical reduction [8]. PVP was used to collect released silver shortly after it was 
emitted to prevent further aggregation, blocking the silver from forming larger 
nanoparticles greater than 50nm in diameter [8, 29]. The laser source typically makes this 
synthesis route an expensive choice [29] 
The reduction with a solution of PVP containing solution and UV laser offers 
added long term stability to the final product by way of the hydroxyl groups of PVP 
forming coordination bonds with the nanoparticle surface, shown by Fourier-Transform 
Infrared Spectroscopy (FTIR) [8]. A pulsed sonoelectrochemical method utilized 
intervals of ultrasonic waves with stabilizer in solution to produce silver nanoparticles of 
20-25nm. This method relies upon “massive nucleation” of silver [8]. Microscale bubbles 
in the solvent assist growth [8]. 
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Chapter 3: Methods of Characterization 
3.1: Theory of Ultraviolet-Visible Light Spectroscopy 
 Ultraviolet-visible spectrophotometry (spectroscopy) is an analytic technique in 
which the absorption and scattering of a sample may be used to determine concentration 
[7]. Light with a broad spectrum of wavelengths (200-800nm) is emitted by a laser [7]. 
This incident beam contacts the sample and is absorbed, scattered, or transmitted [7, 30]. 
Absorption of light wavelengths corresponds to movement of electrons in the valence 
shell up or down between atomic or molecular orbitals, called an electronic transition [7]. 
Given the wavelengths of incident light, valuable information of the valence shell 
electrons may be attained [8]. Transmitted light hits a detector and intensities of a broad 
spectrum of wavelengths may be analyzed.  The intensity and location of a peak may be 
used to determine the chemical constituents of a sample [7]. This is because select 
transition metals exhibit color characteristics reflective of physical properties [7]. 
The ratio of emitted to transmitted light intensities is used to find absorbance in Equation 
9, Beer’s Law, 
The intensity of transmitted light is given by I, while incident light by Io. The path length 
is l and wavelength-dependent absorptivity coefficient ε. Light not transmitted to the 
detector reflects upon the molar extinction. This quantity is proportional to both 
concentration and absorbance and scattering cross sections of the molecule(s) [7]. 
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 =	−𝑙𝑜𝑔10 1 𝐼𝐼03 = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ∙ 𝜀 ∙ 𝑙 
Equation 9: Beer Lambert Law 
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3.2: Theory of Dynamic Light Scattering 
 Dynamic light scattering is a technique which determines particle size by 
measuring movement due to Brownian motion [21, 31]. Particle velocity is found by 
analyzing the difference in diffraction patterns of a particle- containing solution; as a 
particle travels due to Brownian motion the frequency of light experiences a Doppler 
shift, or change, depending upon its direction toward or away from the source [21]. An 
algorithm may be used to first find a diffusion coefficient for the particles, and then to 
determine a range of particle velocities from the change in frequency. From the 
velocities, a distribution of masses may be found, as rate of movement due to Brownian 
motion can be related to mass [31]. Particles of greater mass are assumed to travel shorter 
distances, and particle diameter is directly proportional to mass, making calculation of 
diameters possible [31]. 
Surface structure and geometry may affect particle movement through the solvent 
[31], so the synthesized silver nanoparticles were assumed to be spherical as outlined in 
the literature and shown in TEM images. DLS data is limited by the polydispersity of the 
sample; if the sample contains particles with a wide range of particle diameters, the 
accuracy of DLS data declines [31]. Also of note is that the concentration of silver 
nanoparticles is important for DLS measurements; diluting too much would result in poor 
results. Statistically, increasing the sample size of particles, or using samples of higher 
concentrations, provided the sample is within a tolerable polydispersity, the better quality 
of data is acquired. 
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The software analyzes multiple correlation functions utilizing the decay rate (Γ), the 
angle of scattered light (θ), the vacuum wavelength of incident light (λo), and the 
refractive index of solvent (no), and then calculates a diffusion coefficient (D), shown in 
Equation 10. Given the Stokes-Einstein, the temperature (T), solvent dynamic viscosity 
(η), and diffusion constant (D) may be used to find the hydraulic radius of particles, (rh). 
3.3: Theory of Transmission Electron Microscopy 
 Transmission electron microscopy (TEM) is a technique used to image thin 
<100nm samples at high resolution, capable of resolving objects to approximately 0.2 nm 
[32].  Near the top of the TEM instrument is a thermionic gun, which is made of tungsten 
wire that thins out, allowing electrons to be stripped off by a cathode [32, 33]. The 
electrons are then accelerated toward a sample by a series of cathode and anode 
electromagnetic focusing lenses [32, 33]. 
The denser a sample is, the darker it will appear, as electrons are not as capable of 
passing freely though such a sample [32].  Samples must be dilute enough to allow for 
the passage of some electrons.  Electrons that do pass through the sample strike 
scintillation coating and produce light due to the photoelectric effect [32]. From the 
amount of electrons striking various regions of the scintillation coating, an image is 
formed, reflecting the density and structure of the sample [32]. Increasing acceleration 
potential of electrons used in imaging can afford improved penetration at the cost of 
𝐷 = Γ$4 ∙ 𝜋 ∙ 𝑛𝑜𝜆𝑜 ∙ sin .𝜃2122 																																					𝑟ℎ =
𝑘 ∙ 𝑇6 ∙ 𝜋 ∙ 𝜂 ∙ 𝐷 
Equation 10: Correlation Relationship 
𝐷 = Γ$4 ∙ 𝜋 ∙ 𝑛𝑜𝜆𝑜 ∙ sin .𝜃2122 																																					𝑟ℎ =
𝑘 ∙ 𝑇6 ∙ 𝜋 ∙ 𝜂 ∙ 𝐷 
Equation 11: Stokes-Einstein Relationship 
 
 
24 
potential sample damage [32]. Signal convolution due to the electrostatic charge on the 
nanoparticles was expected, but believed to be minimal [32]. 
The appearance of sintering, or in-contact particle overlap, in a couple TEM images made 
analyzing particle size distribution difficult, likely introducing further error. 
3.4 Theory of Zeta Potential 
The zeta potential is a measure of electrostatic stability, and measures the 
repulsive and attractive forces between charged particles in solution [21, 22]. 
Surrounding a conventionally stable silver nanoparticle in solution is an electrostatic 
double layer, consisting of electrostatically negative ions such as citrate or borohydride. 
A Zetasizer measures zeta potential through determination of electrophoretic mobility 
using a Doppler determination of particle velocity with an applied electric field, once 
again measuring movement of particles through patterns of light scattering [22]. 
3.5 Theory of Scanning Electron Microscopy 
Scanning Electron Microscopy (SEM) is a technique for imaging the surface 
topography, typically of a conducting material, with high resolution [32]. A tungsten wire 
thins out to a point and is heated; electrons are pulled off by a nearby anode [32]. 
Alternating anode and cathode magnetic coils produce the charge to accelerate the 
electrons along the desired path, focusing electrons to the sample [32]. These electrons 
bombard a sample and are deflected [32]. The electrons then contact detectors [32]. From 
the trajectory, the topology may be constructed [32]. The electron beam setup moves 
along the sample, moving in a pattern along the x and y coordinates [32]. The maximum 
image resolution is around 1nm due to limitations on the path of the electrons, as 
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electrons scatter [32]. Electrons do not follow perfectly linear and elastic paths, as they 
are charged particles. Theoretically the resolution is limited by the de Broglie 
wavelength, as the distance between two points must be greater than the wavelength of 
the emitted electrons for objects to be distinguishable [32]. As wavelength is inversely 
proportional to momentum, increasing the velocity of electrons striking the sample 
increases image resolution [32]. Achieving this is done by raising the acceleration 
voltage, but is theoretically limited by either the allowable voltage due to sample damage 
or maximum voltage of the machine [32]. 
Secondary electrons, or electrons emitted from the atom upon the arrival of an 
incident electron from the SEM [32], were the primary electrons used to form the images 
of CNF and silver substrates shown. These electrons exhibit inelastic scattering, as they 
are ejected from atoms following the entrance of the incident electrons [32]. Surface 
topology is visualized with these electrons [32]. Backscattered electrons are scattered off 
of sample nuclei, and are easiest to produce with samples of high atomic density [32]. 
These electrons indicate material differences; more specifically areas varying in atomic 
number will produce different shades in the image [32]. 
The detector is made of a Faraday cage, scintillation coating, and photomultiplier 
tube [32]. As electrons contact a scintillation coating, light is emitted [32]. The light then 
is directed to a photomultiplier tube [32]. As it strikes a dynode within the tube, electrons 
are released, moving to the next dynode [32]. The emission of electrons upon light’s 
contact with certain metals is called the photoelectric effect [32]. At each subsequent 
dynode, the number of electrons is multiplied until they reach the anode, where the 
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current is measured [32]. Thus electrons fired from the thermionic gun are translated to 
photons, then back to electrons, and lastly to a current [32]. 
Difficulty arose when imaging samples of CNF substrate. As CNF is non-
conducting, charge built up on the surface. Low levels of conductive silver nanoparticles 
did not allow for enough movement of charge off the surface. In order to take SEM 
images of the first sample made (2 CNF 3wt% : 1 AgNP) a common technique known as 
gold sputtering was utilized [34]. A minute quantity of gold was deposited into the 
sample, increasing conductivity. A metal box containing osmium tetraoxide, a vapor 
treatment, was also used, also to allow for greater sample conductivity [34]. Higher levels 
of silver nanoparticles in a second sample (2 AgNP : 1 CNF 3wt%) reduced the need for 
the imaging enhancement techniques. 
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Chapter 4: Experimental Procedures 
4.1: Sodium Citrate as Reducing Agent for Silver Nanoparticle Synthesis 
 Sodium citrate is well characterized as a reducing agent, perhaps being the most 
common choice for synthesis of silver nanoparticles by reduction of silver salts such as 
silver nitrate [26]. It is a stronger reducing agent than ascorbic acid and as such is 
expected to produce a more monodisperse product [8]. It is also rather labile and does not 
sterically inhibit access to nanoparticles as a polymer might, important for SERS 
enhancement [27]. The ‘other’ product of this synthesis, sodium nitrate, will not 
negatively affect the reaction until at higher sodium citrate concentrations >10 mM the 
sodium ion will present a screening, or shielding effect discussed in the Background 
section entitled “Colloidal Stability.” 
4.1.1: Experimental Setup 
The experimental setup, shown in Figure 3, 
features a round bottom flask submerged in oil on a hot 
plate. A condenser situated above the round bottom 
flask reduces solvent loss from evaporation, keeping 
concentration of reactants fairly constant. A 
thermometer submerged in the oil bath was used to 
adjust and record temperatures. The motion of a stir bar 
within the round bottom flask is controlled by a 
magnetic hot plate. Both the revolutions per minute of 
the stir bar and temperature are adjustable. The stir bar was set to a high rate of stirring as 
Figure 5: Experimental Setup 
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a greater convection current was proposed to produce a more controlled reaction rate. 
Early synthesis used water from a sink that may have contained chlorine or chemicals 
which would affect the reduction or nanoparticle growth chemistry. For this reason, 
deoxygenized, deionized water from a 17Ω Milli-Q Water Purification System was used 
for synthesis until the instrument was damaged. For all data using the reduction by 
sodium citrate only within this paper, deionized water not from the Milli-Q system was 
used. A 500 mL round bottom flask was used for synthesis of silver nanoparticles with 
citrate as reducing agent except for the synthesis of the 1:10 ratio which produced silver 
nanoparticles imaged by TEM and ~5 nm diameters according to DLS measurement. 
Samples of the synthesis products were taken with a Pipetman, after temporary removal 
of the condenser for synthesis with the RBF without multiple necks. 
4.1.2: Reduction of Silver Nitrate by Sodium Citrate 
The following procedure has been adapted from procedures in Synthesis of 
Monodisperse, Quasi-Spherical Silver Nanoparticles with Sizes Defined by the Nature of 
Silver Precursors [26]. Table 1 gives the amounts of chemicals used in this synthesis. 
 
Prior to beginning the experiment, the hot plate was turned on and temperature 
increased to 170˚C. The procedure began with sonication of both silver nitrate and 
sodium citrate solutions for 5 minutes. Sonication increases homogeneity within the 
Table 1: Chemicals Involved in Silver Nanoparticle Synthesis with Sodium Citrate Reducing Agent 
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solutions, as the crystal lattice structure of reactants is broken up by the sonic waves and 
dispersed [27]. Bulk molecules within a crystal are not able to react with silver nitrate; 
sonication frees trapped bulk molecules, increasing the reaction’s surface area to volume 
ratio [27]. This process was tested to increase reproducibility of reaction rate. Under a 
specific set of conditions such as with certain organic solvents, sonication of silver nitrate 
may also give rise to silver nanoparticles; the silver molecules bombard one another in 
the sonicator. Sonication time should be limited despite the aggregation likely to occur 
being negligible as compared to later chemical reduction and subsequent nucleation [8, 
27]. 
The stirring was set at a highest attainable rpm for which the stir 
bar maintained constant stirring (position 5 out of 6). Once the oil bath 
had reached approximately 99˚C, the 150 mL sodium citrate solution 
was added to the round bottom flask, and the temperature of the hotplate 
was adjusted as necessary to maintain 99˚C for 30 minutes. Upon 
addition of the silver nitrate the temperature decreased to approximately 
95 ˚C, and needed to be increased to reach 99˚C. Adjustment of the hot 
plate to 180 ˚C hastened the process of the added solution 
approaching a thermal equilibrium at 99˚C.  This temperature is 
maintained for 35 minutes, until an opaque green color is attained 
for all citrate ratios from 1:7 to 1:10. Due to problems in reproducibility, sometimes the 
reaction was stopped not at 35 minutes but at a time between 30-45 minutes; color was 
believed to be a better indicator of when the reaction was completed. Reflux conditions 
were avoided, as less control over size range results from solution temperatures greater 
Figure 6: 500mL Silver Nanoparticle 
Solution Reduced by 10mM Citrate 
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than 100˚C [26, 27]. For TEM imaging, UV-Vis, and DLS, the reaction was stopped at 35 
minutes for each ratio of silver to citrate synthesis by removal from the oil bath. In other 
synthesis, samples were taken at 5 minute intervals once color appeared, typically starting 
around 30 minutes into the reaction. 
4.1.3: Observation of Citrate Controlled Silver NP Synthesis 
Visual colorimetric comparison suggests that nanoparticles synthesized by 1:9 or 1:10 
silver: citrate ratios have the potential to produce reasonably monodisperse nanoparticles 
within the desired size range, whereas 1:5 and 1:6 ratios produce broad size ranges. The 
1:20 ratio rapidly produced large clustered aggregates >100 nm. A nanoparticle solution 
with a green color, as in Figure 6 in the top third of the vial, is a good example of silver 
nanoparticle solution likely within the desired range, which would be tested to confirm 
this with UV-Vis and DLS data. Closer to the bottom of the vial in Figure 6, the color 
transitions to tan and then darker brown or grey, which indicates that there are larger or 
aggregated nanoparticles present. 
4.2: Tannic Acid as Reducing Agent for Silver Nanoparticle Synthesis 
 Tannic acid lowers pH in addition to acting as a weak reducing agent [25]. Both 
tannic acid and sodium citrate will reduce silver, at unique rates [25, 35]. In lowering pH, 
tannic acid may affect the colloidal system’s pH. As a result it may alter the 
nanoparticle’s surface and its protective electrostatic double layer [21]. Consequently the 
likelihood of citrate both reducing silver and silver nanoparticles colliding to form an 
aggregate may be negatively affected [21]. At low pH the solution lacks free electrons as 
citrate’s hydroxyl groups will be protonated, and lack the negativity utilized for both 
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reduction and repulsion when citrate ion is adsorbed to the nanoparticle surface. The full 
effects of pH upon the reaction may not fully be understood, but it was considered to 
affect the length of the stages of nanoparticle growth including nucleation, coarsening, 
and aggregation [25]. 
Tali Dadosh was successful in achieving control of particles from diameters of 
18-30nm with standard deviations below 15%, and found that a plot of log tannic acid 
concentration against silver nanoparticle diameter resulted in a linear fit [35] Larger 
nanoparticles synthesized via tannic acid and citrate reduction of silver nitrate exhibited 
less spherical geometries, and thus higher aspect ratios [35]. 
4.2.1: Experimental Setup 
 The experimental setup used for the recipe with tannic acid and sodium citrate as 
reducing agents was adjusted from that used in reduction with sodium citrate alone. The 
same oil bath, hot plate, and thermometer setup that can be seen in Figure 5 was again 
used to control reaction temperature. The sonicator was not used during these 
experiments, and a three pronged, 500mL round bottom flask was used as a reaction 
vessel with the condenser in place. The two prongs on either side were capped with 
rubber stoppers which were removed for sampling. This sampling was taken with a 
Pipetman. Milli-Q deionized, deoxygenated water was used for experimentation with 
tannic acid as reducing agent. Stirring was not as optimal during this synthesis, and was 
set at position 4 out of 6. Sampling did not require the removal of the condenser, as a 
rubber stopper was removed from one of the side necks of the RBF for a pipette to be 
lowered into the RBF. 
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4.2.2: Silver Nanoparticle Synthesis by Tannic Acid 
 The following procedure was adapted from Synthesis of uniform silver nanoparticles 
with a controllable size and Synthesis of Highly Monodisperse Citrate-Stabilized Silver 
Nanoparticles of up to 200 nm: Kinetic Control and Catalytic Properties [35, 25]. 
Table 2 gives the amounts of chemicals used in the synthesis using tannic acid 
and sodium citrate. The experiment starts with 100 mL of reducing agent solution stirring 
with the hot plate set to 180°C. The speed of the stirring was set to position 4, and was 
constant throughout the reaction. The reducing agent solution was allowed to stir on the 
hot plate for approximately 30 minutes, which brought the solution to the desired 
temperature and assisted in dissolving the reducing agent. Once the reducing agent 
solution had completely dissolved and reached the appropriate temperature of about 
95°C, 50 mL of solution containing silver nitrate at 10 mM was quickly added to the 
reaction solution. The reaction was left to sit while stirring for 45 minutes, while samples 
are taken about every 10 minutes. The concentration of silver nitrate upon addition to the 
RBF was found to be approximately 3.34 mM. After 40 minutes was reached the reaction 
was cooled to room temperature and observation of a golden, amber, or brown hue 
followed depending upon reducing agent concentration and reducing strength. 
4.2.3: Size Exclusion by Filtering 
Table 2: Chemicals Involved in Tannic Acid and Sodium Citrate Reduced Nanoparticle Synthesis 
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A syringe filter was tested for separation of different silver nanoparticle size 
ranges. The silver NP solution tested for the syringe filter’s efficacy was taken from a 
polydisperse silver sol synthesized via silver nitrate reduced by tannic acid and sodium 
citrate. A 100 nm syringe was used first, followed by a 20 nm filter. The syringe is first 
filled with the solution of silver nanoparticles, and then the filter inserted onto the 
syringe. The plunger was removed, or pulled upon until the parts separate. The plunger 
was then inserted and inverted, as pressure slowly applied. The unwanted nanoparticle 
precipitate of the first filtering was trapped in the syringe, while nanoparticles <100 nm 
were not excluded by the filter, and were expelled in solution into a glass beaker. The 
process was repeated with the 20 nm syringe filter, this time the expelled solution was not 
desired. The remaining nanoparticles were rinsed from the filter using deionized water in 
a squeeze bottle into a beaker. Due to the fragility of the syringe filters, it was imperative 
that pressure be applied slowly to avoid damage and preserve the integrity of the filter’s 
size exclusion. 
4.2.4: Application of Centrifugation 
Centrifugation procedure was adapted from Fast and cost-effective purification of gold 
nanoparticles in the 20-250 nm size range by continuous density gradient centrifugation 
[36]. Centrifugation is a common technique to separate materials of unequal mass and 
consequently size in a liquid suspension [21]. The theory of sedimentation dictates the 
behavior of a vial’s contents upon centrifugation. Centripetal forces, or gravitational 
force in sedimentation, oppose viscous and buoyant forces as particles are forced to the 
bottom of the vial [21]. The centrifuge expedites the same process of sedimentation by 
application of the relative centrifugation force, or RCF. This force is a function of both  
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radial distance and angular velocity of the rotor as Equation 12 shows, and can vary from 
instrument to instrument. Sample tubes are held in the metal slots of the centrifuge at an 
angle and accelerated up to over 150,000 rpm, generating forces 1 million times that of 
gravity. A speed of 12,000 rpm was used for separation of silver nanoparticles taken from 
a polydisperse silver sol with tannic acid and sodium citrate as reducing agents. 
 
4.3: Gum Arabic (Acacia) as Reducing Agent for Silver Nanoparticle Synthesis 
 Gum arabic may act primarily as a capping agent, but also has been indicated to 
be a weak reducing agent [27]. The hydrophobicity of gum arabic was proposed to be 
beneficial, as hydrophobic contaminants may be more easily concentrated when in 
contact with gum arabic reduced silver applied locally to the substrate. However, this 
method was not optimized for reproducibility. Synthesis with gum arabic first began 
without added sodium citrate, and was a long process. The resulting silver nanoparticles 
appeared to be undesirably small, approximately 10 nm. Sodium citrate was added to 
both increase the reaction rate and ensure synthesis by chemical reduction rather than 
thermal decomposition was occurring. 
4.3.1: Experimental Setup 
The experimental setup used for the recipe with gum arabic and sodium citrate as 
reducing agents was the similar to that for reduction by tannic acid and sodium citrate. 
The oil bath was used to heat the 3 pronged RBF containing solution, with condenser 
attached. 
𝑅𝐶𝐹 = 1.1118 × 10−5 	 ∙ 𝑅𝑎𝑑𝑖𝑢𝑠(𝑐𝑚) ∙ 𝑆𝑝𝑒𝑒𝑑(𝑟𝑝𝑚)2  
Equation 12: Centrifugal Force Relationship 
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 It was noted that the hydrophobic nature of gum arabic may have caused some 
difficulties in ensuring that all reactant was properly transferred into the RBF. Gum 
arabic powder was seen adsorbed to the glass beaker after transfer of reducing agent 
solution. The Erlenmeyer flask in which gum arabic was added to water was swirled for 
approximately 60 seconds and sonicated for 30 minutes in hopes that better dispersion 
would be achieved. The Erlenmeyer flask, funnel, and RBF neck were inspected for gum 
arabic to determine if transfer was successful. 
4.3.2: Silver Nanoparticle Synthesis by Gum Arabic  
The following procedure has been adapted from Facile and one-step synthesis of 
monodisperse silver nanoparticles using gum acacia in aqueous solution [27]. Amounts 
of chemicals used in this process are outlined in Table 3. The gum arabic was carefully 
added to 70 mL of dIdO water, followed by sodium citrate. The sodium citrate was not in 
molar excess of silver nitrate, and is unlikely to reduce all silver itself (one citrate ion 
may be capable of reducing multiple silver ions [26]). Sonication for 30 minutes was 
done to reach greatest homogeneity and best transfer of reactants. This reducing agent 
solution was added to a 3 pronged 500mL RBF. After approximately 30 minutes or when 
the reaction temperature reached 99°C, the silver nitrate solution was added. Silver nitrate 
was at a significantly higher concentration in this synthesis than in other methods used, 
which could have resulted in the wider size distribution indicated by UV-Vis and DLS 
data. 
 
 
36 
 
4.4: Sodium Borohydride as Reducing Agent for Silver Nanoparticle Synthesis  
Borohydride was the most vigorous reducing agent used. As a strong reducing 
agent, the reaction proceeded most rapidly, and small nanoparticles of about 10 nm in 
diameter were synthesized. If allowed to continue, these 10 nm particles were found to 
aggregate to particles of 100 nm or greater. The borohydride ion, like the citrate ion, may 
form an electrostatic layer covering the silver nanoparticles produced. Once again, this 
increases the colloidal stability. 
4.4.1: Experimental Setup 
A 200 mL Erlenmeyer flask was used as a reaction vessel for reduction by sodium 
borohydride. The hot plate was used only for its stirring function, which was kept at 
position 4. The Erlenmeyer flask was placed on an ice bath measured to be about 0°C. 
This synthesis lacked a condenser, as temperature was lowered from room temperature at 
23°C. 
4.4.2: Silver Nanoparticle Synthesis by Sodium Borohydride  
Procedure was adapted from Synthesis and Study of Silver Nanoparticles [28]. 
Table 4 outlines the quantity of reactants. The solution of reducing agents was chilled to 
about 0°C in a 200 mL Erlenmeyer flask placed on an ice bath. The temperature deviation  
Table 3: Chemicals Involved in Gum Arabic and Sodium Citrate Reduced Nanoparticle Synthesis 
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from a literature value of 60°C was designed to gain more control over size by 
reducing the energy of the reaction and consequently reaction rate. The silver nitrate 
solution was added dropwise at about 1 drop per second and stirred for 20 minutes or 
until an intense yellow color appeared. 
 
4.5: Cleaning 
Nitric acid, 5M, was used to clean glassware in contact with silver.  As a strong 
base, the nitric acid reduced any silver in solution and overcame the surface energy of 
nanoparticles to degrade them. To ensure that the nitric acid and silver was removed from 
glassware, it was rinsed 25 times with water. 
Table 4: Chemicals Involved in Sodium Borohydride Reduced Nanoparticle Synthesis 
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4.6: Raman Spectra of Crystal Violet 
Spectra of dilute crystal violet solutions at 8.29 µM were taken after the solutions 
were added to both silver-CNF and silver-CNC composite matrices. The CNF and CNC 
composite matrices were prepared under similar conditions, beginning at 2wt% or ~98% 
(the expansion of water into ice affects porosity so the actual porosity should be slightly 
greater than 98%.) 50 mL 3wt% CNF slurry was mixed by hand with 100 mL of the 1:10 
citrate reduced silver nanoparticle solution. To also reach 2wt%, 50 mL CNC was mixed 
by hand with 133 mL silver nanoparticle solution produced with the 1:10 Ag : Citrate 
ratio described in the experimental section. These samples were frozen in a -82°C freezer. 
Raman shift, or wavenumber, was recorded using an ACTON SpectraPro2300i at 532 nm 
laser light and varying power. 
4.7: Porosity 
Figure 8: CNF Sample (no Silver NP) 
after Removal from Drying Setup 
Figure 7:  Removing CNF (no Silver NP) 
Sample from Drying Setup 
Figure 9: CNF Sample (no Silver NP) 
after Removal from Freeze Dryer 
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To correlate porosity of CNF composite matrices with time, 10 L of CNF slurry at 
3wt% produced from the University of Maine pilot plant was mixed with 5 L water dried 
in a setup shown above made on all sides of porous stone bricks. Sampling began 45 
minutes after adding the slurry of CNF and water (or CNF and silver nanoparticle 
solution) into the drying setup. Samples were taken at varying intervals that provided a 
range of porosities. For the first 2 hours, samples were taken about every 30 minutes. The 
next 6 hours samples were taken hourly. Sampling intervals increased to 90 minutes, 3 
hours, 4 hours, 6 hours, 12 hours, and 24 hours. 
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At each sampling time, 6 samples were taken; 3 for porosity experiments and 2 
for Raman spectra background, with one spare. Early sampling procedure was to scoop 
up the pudding-like CNF with a knife and tap the box to make a flat surface filled up to a 
line on the plastic boxes, making a 2 mm thick sample. Later thin square samples were 
retrieved or sliced with a knife from the CNF drying setup’s bulk at a depth of roughly 4 
inches, pictured in Figure 7. Once the CNF had dried to the point of characterization as a 
mushy, cakelike substance, blocks of the drying setup were removed, and a large cube of 
CNF sample cut out. From this larger cube, the sides were removed by a knife, and 2 mm 
thick squares that fit into the plastic boxes were taken. The sides were cut off to ensure 
samples tested for porosity contained no dust or irregular pore sizes that may be found in 
the skin, or outer layers. Great care was taken not to touch sample and or apply pressure. 
Samples in their plastic boxes were wrapped carefully in Parafilm. The Parafilm was 
necessary to make an air tight barrier so little drying occurred after removal from the 
drying setup. It was necessary as access to liquid nitrogen and the -82°C freezer could not 
be guaranteed. The samples were later dipped in liquid nitrogen to rapidly freeze water 
still contained within the CNF, locking in the porous structure. This was followed by 
storage in the -82°C freezer. 
A proprietary method for determining the porosity of CNF substrates was used 
upon the suggestion of Professor Douglas Bousfield. The porosity was back-calculated 
starting with the mass of samples after removal from the freezer. Next the volume of total 
occupied space, the sum of void and CNF volume, was found. This was done by applying 
Avogadro’s principle of water displacement. The proprietary procedure developed was to 
submerge the composite matrix samples in silicone oil overnight, and find volume of 
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silicone oil occupying pores through displacement of water. Silicone oil was chosen for 
its ability to diffuse into the pores without altering the 3D structure and thus conserving 
porosity. Silicone oil’s viscosity, 5 poise, resulted in its retention within the samples 
during porosity measurements. Samples were submerged in ice cube trays filled with 
silicone oil and allowed to sit overnight, or over 12 hours. Larger pores appeared to fill 
within a matter of hours whereas samples were left overnight so that smaller pores would 
be filled by capillary action. For lower porosity samples which are held within the drying 
setup longer, the pore sizes are smaller. This is responsible for error, as silicone oil is less 
likely to completely fill smaller pores. Excess silicone oil on the surface of the aerogels 
was carefully removed with Kimwipes. 
The mass of samples are taken after removal from the freezer, and then again after 
being submerged in silicone oil overnight. This was used to find the mass and then 
volume of silicone oil filling the pores VSi oil, using silicone oil’s density. The volume of 
water displaced upon submerging samples saturated with silicone was recorded and used 
as the total volume of samples, VCNF+VW. The porosity is then given by Equation 13, 
There currently appears to be no literature values for the drying of CNF to 
correlate time and porosity under similar conditions. We understand there will be 
deviation from the real value of porosity due in large part to the inability of silicone oil to 
gain access to smaller pore sizes. To a lesser extent the value will also accrue error from 
the expansion of pores after application of liquid nitrogen and drying that occurs from the 
air trapped in the plastic boxes.  The volume of plastic boxes is constant and sample 
Equation 13: Porosity Relationship 
X 100 
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volumes assumed to be of small volume for which the effects of this drying would remain 
constant throughout all samples, as the volume of air trapped would be constant.  
4.7.1: Application of Liquid Nitrogen  
Liquid nitrogen is used to “lock in” the 3D structure of CNF of certain porosity. 
This is intended to prevent alteration in the 3D pore structure of micro-capillaries within 
the CNF after varying drying times. Samples within their plastic boxes are placed in glass 
containers, which are each sealed with Parafilm and placed in a Styrofoam box within a 
hood. Liquid nitrogen is poured into the Styrofoam box, rapidly freezing water contained 
within samples, or so-called ice templating. 
4.7.2: Lyophilization 
During lyophilization, or freeze drying, water is removed from a sample [37]. This occurs 
through sublimation. Depending upon the samples, this may lower stability [37]. The 
water within samples is frozen in liquid nitrogen prior to 
being inserted into the freeze dryer at -82°C. The vacuum 
of the freeze dryer has a maximum capacity of 
approximately 12 mT, but ran as high as 36 mT. As 
pressure is decreased, water sublimates, which ideally 
results in a stable, compact composite matrix with better 
long-term invariability [37].  During lyophilization the composite matrices may be 
subjected to a wide range of pressures. 
4.8: pH Control 
Figure 10: CNF Samples of Varying Porosity 
with Applied Vacuum on the Freeze Dryer 
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The pH of nanoparticles synthesized via the 1:10 ratio of citrate reducing agent 
was adjusted by two methods. Muhammad was successful in adjustment by dropwise 
addition of 1M sodium hydroxide, shown in Figure 12. This early experiment showed 
neutral to basic pH values as having the greatest stability. Zeta potentials were 
maximized as slightly basic pH values, and nanoparticles did not visibly fall out of 
solution. 
 
As the sodium hydroxide was a strong base, it was determined the experiment 
should be tested with both sodium citrate to maintain an unaltered system, as well as a 
separate experiment with a weaker base in sodium bicarbonate. 
For pH control with sodium citrate, varying small amounts of sodium citrate 
powder were added to 20mL of the same silver nanoparticle solution. This solution was 
sonicated for approximately 60 seconds to obtain a homogenous solution and pH 
measured by a Thermo Orion 3 Star pH Benchtop instrument shown in Figure 13. After 
pH was recorded, the silver solution was pipetted into a zeta cell and absorbance 
measured, followed by a measurement of zeta potential in the Malvern instrument. 
Figure 11: Silver Nanoparticles Solutions of varying pH. From Left to Right: pH 14 – pH 2  
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pH control by addition of sodium bicarbonate was done by 
dropwise addition of 1M sodium bicarbonate solution to 20 
mL of silver NP solution. Rather than sonication, this 
solution was mixed by shaking for 20 seconds. Its pH, 
absorbance, and zeta potential were then measured as was 
done for pH control by sodium citrate. 
 
Chapter 5: Results  
5.1: General Observation and Remarks 
 Compared to gold nanoparticles, the size distribution of silver nanoparticles is 
typically much more difficult to control, making the term “monodisperse” relative. This 
project was marked by a pattern of minor early success followed by difficulty 
reproducing results. Synthesis with tannic acid and sodium citrate reduction of silver 
nitrate, for example, was successful in production of a remarkably monodisperse sample 
twice, but failed to produce this size distribution upon further synthesis attempts. 
Similarly synthesis by gum arabic was believed to show promising results, but synthesis 
was slow, and perhaps gum arabic being too weak a reducing agent to produce consistent 
results. 
At times it would appear as though the 1:5 silver nitrate to sodium citrate 
(AgNO3:NaCit, Ag:NaCit, Ag:Cit) ratio might produce a tighter distribution than mid-
Figure 12: Measuring pH of Silver 
Nanoparticles Solutions 
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range ratio synthesis, such as 1:7 or 1:8 AgNO3:NaCit. By visual observation, this does 
not appear to be the case, as the 1:5 and 1:6 consistently produced tan solutions, 
indicative of a broad size range. Tan indicates absorption across a range of wavelengths, 
and UV-Vis spectra show a broad absorbance peak spanning this greater range. This may 
be explained by the relationship between nanoparticle size and absorbance peak, as a 
solution containing a broader range of nanoparticles will absorb light at intensities 
associated with each particle size. However, DLS at times pointed to 1:5 having better 
than expected distributions. Perhaps this is due to a bimodal distribution, with larger 
aggregated particle clusters in very small concentration and a second, tight peak of small 
nanoparticles. Comparatively, other ratios may show broader distributions, but lack the 
largest of micron scale aggregated clusters found in the 1:5 ratio’s TEM images and at 
times in DLS data. 
As a summary of what was found, it appeared that reactant solution at a ratio of 
approximately 1:10 AgNO3:NaCit maximized the control over silver nanoparticles 
produced without interfering with long term stability and Raman spectra. Synthesis with 
both tannic acid and sodium citrate as reducing agents shows equal if not better sizing 
data, but may not be ideal for application in Raman spectroscopy. Its potential 
interference with data collection through scattering of light and other means are not well 
known. Tannic acid would likely easily be displaced to allow biomolecules access to 
silver nanoparticles for SERS enhancement, but this too has not been tested within a CNF 
composite matrix. Although it may take a great deal of time, it is believed the properly 
sized silver nanoparticles may be synthesized via sodium citrate at approximately 10 
mM. 
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Samples chosen for discussion within this section were either further elucidated 
by TEM, or were picked because their size distribution best fit the target of monodisperse 
particles with 30-50 nm diameter, which are of interest for tests within CNF composite 
matrices for Raman spectroscopy. It is believed this size will allow for best surface 
coverage within the CNF matrix, and may be entrained by the fibers of CNF. The 1:20 
ratio, for example, was not included as it showed no evidence of containing particles 
<100 nm. 
5.2: Ultraviolet-Visible Light Spectroscopy Results 
 The following UV-visible light spectroscopy results were analyzed in the 
wavelength window from about 300 nm to 800 nm. This was due to an abundance of 
noisy absorbance data below 300 nm. For visual ease of comparison, the data for the 
wavelengths below 300 nm were omitted. The most useful UV-visible light spectroscopy 
data for silver nanoparticles typically lies between 350-550 nm, as this is where a 
characteristic peak lies that may give some information on particle size. All UV-Vis and 
DLS measurements were made with solution in disposable plastic cuvettes as water was 
always used as the solvent. 
A number of colors were observed over the span of silver synthesis. Typically, 
reduction of silver nitrate by 10mM sodium citrate would result in color by 30 minutes, 
and reach a light green opaqueness by 35 minutes or dark green by 40 minutes. Reduction 
by 5mM sodium citrate appeared to produce a distinguishable color most rapidly, and to 
reach reaction completion before reduction by 10mM sodium citrate under similar 
conditions. However, synthesis with citrate at both 1:5 and 1:6 Ag:NaCit never produced 
the green color, but did produce tan sols. This may be considered indicative of a 
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heterodisperse particle solution, or large, undesired size ranges, as absorbance peaks for 
the tan sols show a broader range of wavelengths.  Additionally, light is absorbed at 
longer wavelengths, which is once again typical of solutions with larger particles present. 
Small nanoparticles <10 nm with tight size distributions often produced a light 
yellow hue. This was not seen in reactions using only sodium citrate as reducing agent in 
which all reactants were added at the beginning of synthesis, but was seen in reduction by 
sodium borohydride and with some of the samples for synthesis by gum arabic or by 
tannic acid. Reduction by tannic acid typically produced a solution of amber hue. It may 
be of importance to note that tannic acid is a brownish color itself. 
Green silver sols are perhaps the most common. They may be described as 
containing a murky brown or grey tint to them if they are aggregated and of greater sizes 
and wider distributions. Green with hints of tan and yellow was most commonly seen; the 
1:7-1:10 ratios with citrate could all be described as producing green sols with a tan tint. 
Grey or black color is typically only seen with aggregated solutions. 
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Figure 13 shows that silver nanoparticles solutions synthesized via silver nitrate reduced 
by tannic acid and sodium citrate is shown to be a dark yellow, at far left in the larger 
glass vial. To the right of this silver sol, the silver nanoparticle samples reduced with gum 
arabic are arranged from left to right with the longest synthesis duration on the far right, 
and first sample to the left. Darker amber is present in later samples, whereas early 
samples show a more translucent yellow hue. 
5.2.1: Silver Nanoparticles: Co-Precipitation Method, 10mM Sodium Citrate 
 Figure 14 below shows the UV-Vis spectrum and thus absorbance pattern of the 
silver nanoparticles synthesized using 10 mM citrate reducing agent and 1 mM silver 
nitrate, in addition to a Mieplot simulation of absorbance spectra for 10 nm silver 
Figure 13: Samples from Synthesis, From Left to Right: Silver NP by Tannic Acid 
and Sodium Citrate Reducing Agent, Silver Nanoparticles by Gum Arabic as only 
Reducing Agent from 15 minutes-2 hours 
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particles dispersed in water. The process used to obtain this spectrum involved no 
dilution of synthesis solution. 
 
The red spectrum with peak absorbance of approximately 441 nm from Figure 10 was 
taken of the 1:10 Ag:NaCit synthesis that was sampled for TEM images shown later. 
DLS number data discussed later pointed to this sample as being primarily small 
nanoparticles approximately 5 nm in diameter, mostly all 10 nm or below. Its peak is 
sharper than that of the 1:10 sample shown to contain larger particles. The peak around 
650 nm could indicate larger particles, though one may consider it to be noise. The black 
UV-Vis spectra shown in the graph at left in Figure 14 of the 1:10 silver to citrate 
synthesis with DLS data showing the greatest number of particles having a diameter of 
approximately 35 nm shows a secondary, minimally intense and broad peak around 550 
nm. It is at this wavelength one might expect a secondary peak indicating the presence of 
aggregated particles. Differences in synthesis may be primarily attributed to difficulty 
reaching and maintaining a constant, desired temperature throughout synthesis, or due to 
failure in timing of the reaction. Other potential causes of deviation in produced 
Figure 14: UV Vis of Silver Nanoparticles Synthesized by 1:10 Ag:Citrate on Two Different Occasions Compared to Simulation 
Left: Spectra of Two Synthesis of 1:10 Silver NP, Right: Mieplot Simulation of 10 nm Silver NP 
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Figure 152: UV Vis Spectra Comparison between Initial Citrate 
Concentration 
nanoparticle sizes may be aggregation after synthesis and a decline in the quality of 
chemical compounds used in synthesis over time. The round bottom flask volume also 
changed, and thus stirring may have been greatly affected. 
Both spectra taken experimentally show deviation from Mieplot simulations 
assuming DLS measurements are accurate. The Mieplot peak for 10 nm particles is below 
400 nm, while the spectra for 1:10 that produced smaller particles peaks past 440 nm. 
Similar Mieplot spectra to those shown in Figure 14 for particles of 30 nm indicated 
according to Mie theory a peak is predicted at about 420 nm. It was expected that the 10 
mM citrate UV Vis spectra would have peaks at a wavelength of approximately 420 nm 
or as low as 400 nm for 10 nm silver nanoparticles as seen in the literature chart from 
Sigma Aldrich below in Figure 16, but the spectra obtained show a red-shifted product, as 
seen in Figures 14 and 15. This may be due to synthesis of a heterodisperse sol; as stated 
the black spectrum shows a second peak around 550 nm, which may indicate aggregated 
particles were present. The synthesis which produced 10 nm particles peaks at 
approximately 440 nm, whereas the synthesis which produced 35 nm particles at 450 nm. 
This red-shift does support the existence of larger particles in the sample which gave the 
black spectrum, perhaps with diameters of 35 nm or larger.  
5.2.2: Comparison of UV Vis Spectra 
for Silver Nanoparticles Synthesized 
by Various Concentrations of Sodium 
Citrate to Literature Values 
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Figure 3: Literature UV Vis Spectra of Silver Nanoparticles of 
Varying Sizes from Literature Values, Sigma Aldrich [13] 
 
Notably, the spectra obtained 
from Sigma Aldrich are 
measurements of optical 
density, which normalizes for 
path length in Beer’s Law. 
From this literature, on may 
assume larger particles are red-
shifted and produce broader 
peaks. Both 1:9 and 1:10 
produced similar peaks, red-shifted from the expected literature values of <420 nm, 
instead having slightly broad peaks between 420-450 nm. The 1:8 ratio shows a broader 
peak, and likely was not a sol of ideal polydispersity or did contain aggregated 
nanoparticles. The UV Vis spectra of the 1:5, 1:6, and 1:7 ratios show a red-shift in 
comparison to higher citrate concentrations, with greater optical density due to the larger 
absorption cross section related to nanoparticle size. The data supports that these citrate 
concentrations contain larger particles than the 1:10 ratio. Spectra of these three ratios are 
of a similar shape, with a lower absorbance peak past 550 nm, indicative of some 
aggregation. At 35 minutes, the time the reaction was stopped for all ratios, silver 
nanoparticles from the 1:9 and 1:10 ratio appear to still be in an earlier stage of 
nucleation, whereas silver nanoparticles in ratios such as 1:5 are aggregating. A peak past 
550 nm exhibited by 1:5, 1:6, and 1:7 ratios shows that these ratios contain aggregated 
nanoparticles, larger than desired ranges. 
 
 
52 
5.2.3: Silver Nanoparticles-Comparison between Reducing Agents 
The following UV-Vis spectra were taken of samples from the synthesis of silver 
nanoparticles by various reducing agents. Due to the dependence of the plasmon 
resonance upon particle size, a general trend of larger particles having absorbance peaks 
at higher wavelengths may be seen. Following this trend, sodium borohydride produced 
the least red-shifted, and smallest, nanoparticles. The citrate ratios produced the longest 
wavelength absorbance peaks; for all citrate ratios it appears the produced nanoparticles 
are red-shifted in comparison to literature values. Perhaps this may be attributed to the 
dielectrics. 
 
Tannic acid produced a spectrum well in line with literature values, around 420 nm, 
which was later supported by a DLS number% peak between 30-40 nm. The 1:10 citrate 
ratio which was reported through DLS to contain similar sized nanoparticles, primarily 
about 35 nm, showed some overlap, but produced a broader peak. This could again be 
explained by higher levels of aggregation present within this sample or it being a sample 
Figure 17: UV Vis Spectra Comparison of Silver Nanoparticles 
Synthesized with various Reducing Agents 
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of higher polydispersity. The UV-Vis spectrum for synthesis of silver nanoparticles with 
both gum arabic and citrate also may be understood with aid from corresponding DLS 
data and literature values, which point to silver nanoparticles between 50-60 nm in 
diameter. The small peak at 538 nm seen in the tannic acid silver nanoparticles is 
characteristic of aggregated, larger particles. 
5.3: Dynamic Light Scattering Results 
DLS measurements were taken at concentrations found by UV-Vis. Typically a 
target absorbance of 0.5 was set to ensure the best quality data. Samples were diluted by 
4 parts water, 1 part silver nanoparticles if found to have absorbance values approaching 
1 or greater prior to transfer into DLS. Samples with absorbance values below 0.1 were 
deemed too dilute for the DLS to generate an accurate model of particle sizing. This was 
not the case for any samples from the citrate reduced (5mM-10mM) silver nanoparticles 
taken at 35 minutes.  The DLS provided three different graphical representations of data 
collected. Particle sizing is shown through the relative intensity readings of light scattered 
by particles of various hydrodynamic diameters, the relative number of particles of a 
diameter, and the relative total volume of particles of a certain diameter. 
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5.3.1: Comparison of Silver Nanoparticles Synthesized via Various Reducing Agents 
The following graph’s x-axis was adjusted to highlight the nanoparticle size range 
of interest, and values greater than 120 nm were omitted. 
 
Synthesis using the reducing agents of both tannic acid and citrate, as well as the 
synthesis with 10 mM citrate alone which was indicated to have produced 35 nm particles 
show very similar peaks and polydispersity quantified by the variation in number%. Gum 
arabic has the broadest size range, and illustrates that gum arabic as a capping agent may 
not be ideal for synthesis of particles required to be between 30-50 nm; in other synthesis 
with gum arabic, 10 nm particles were produced. The 1:10 ratio that produced particles 
<10 nm has the tightest distribution; particles synthesized via this reaction of 10 mM 
sodium citrate, as well as with sodium borohydride, may not have been allowed to 
nucleate to the point of creating a broad size distribution. With the sodium borohydride 
reaction, it should be noted that large aggregates fell out of solution within a week after 
synthesis. It was predicted that the sodium borohydride reaction, as a strong reducing 
Figure 18: Number Readings from DLS Measurement of Silver 
Nanoparticles Synthesized from Various Reducing Agents 
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agent, would produce small, monodisperse particles if stopped at the proper time as 
reactant is consumed so rapidly, or large aggregates, which is in line with what was 
observed. 
 
 
The size distribution in terms of intensity tells a different story to that of size distribution 
by number, as larger particles will inherently have a greater cross-sectional area, 
scattering more light and may thus contribute to a relatively high percentages of the 
intensity. The largest peak, that of tannic acid, indicates synthesis by tannic acid and 
sodium citrate reducing agents produced nanoparticles with percentiles most within the 
target range. The 1:10 citrate ratio of smaller sizes also appears to show adequate size 
range by intensity, though the 1:10 citrate ratio purported to have produced particles with 
35 nm diameters has a large peak at 300 nm, indicating that silver nanoparticle clusters 
have likely arisen. 
Figure 19: Intensity Readings from DLS Measurement of Silver Nanoparticles 
Synthesized from Various Reducing Agents 
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By volume, the 1:10 citrate ratio which produced 10 nm particles, in red, once again 
appears to be a relatively more monodisperse distribution. Gum arabic again shows a 
wider size distribution, with larger, aggregated particles; most of this data was not shown 
in this graph as the focus was on particles <100 nm. Synthesis via tannic acid and citrate 
appears to have produced a higher percentage of its particles within the desired size range 
than other synthesis routes, also shown in the intensity data. A secondary peak for the 35 
nm 1:10 silver NP exists at 342 nm, though its largest peak exists for a nanoparticle 
diameter of about 38 nm. 
Reduction by sodium borohydride and gum arabic both showed aggregates of around 5 
µm in diameter, or 5000 nm. The 1:10 citrate ratio of 35 nm silver NPs also contained a 
minute number of 5 µm particles according to volume and intensity readings, but no 
particles of this size were recorded by number readings. 
Figure 20: Volume Readings from DLS Measurement of Silver Nanoparticles 
Synthesized from Various Reducing Agents 
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Figure 22: Size Distribution of Nanoparticles of Varying Initial Citrate 
Concentrations by value of the Full Width at Half Maximum 
5.3.2 Comparison of Nanoparticle Size and Dispersity of Various Ag:Cit 
Concentrations 
 
From analysis of the size distributions of varying citrate concentrations at 35 
minutes into the reaction, it appears synthesis with higher citrate concentrations show less 
polydispersity. Figure 22 shows the loose correlation relating higher citrate concentration 
to lower values of the full width at half maximum (FWHM) of the Number% main peak. 
This was predicted, as higher citrate concentration may reduce aggregation, preventing 
silver nanoparticles from colliding and instead allowing growth through collision with 
reduced silver atoms. 
 
  
5.3.3 Filtering and Centrifugation 
Figure 21: Silver Nanoparticle Size by Number at Varying Initial 
Concentrations of Citrate Reducing Agent  
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Synthesis procedures for filtered and centrifuged silver solutions are in section 
4.2, and involved using tannic acid and sodium citrate as reducing agents. It was 
determined both filtering nanoparticles by size exclusion and centrifugation methods are 
successful in improving the quality of a very polydisperse sol.  The original polydisperse 
sol is shown in black in Figure 23, and was synthesized by reduction of silver nitrate by 
sodium citrate and tannic acid. The graph to the left shows a solution after filtering in red, 
while the graph to the right shows a solution after it was centrifuged in red. Although the 
currently available centrifuge and size exclusion syringe filters can produce a sol of 
moderate polydispersity from one of high polydispersity, the end product is unlikely to be 
a highly monodisperse sol within the desired size range if the initial sol already was of 
high polydispersity. A better size distribution may be produced from careful synthesis by 
chemical reduction than that from these methods. 
 
5.4: Aggregation of Silver Nanoparticles 
Figure 23: Size Distribution of Nanoparticles Before and After Separation Techniques, DLS 
measurements by Number% 
Left: Syringe Filtering, Right: Centrifugation 
 
 
59 
Aggregation of silver nanoparticles was a concern 
throughout this project. With each new reaction attempted, high 
temperatures and poorly performed technique had the potential to 
result in synthesis of aggregated particles with poor long-term 
stability. As the desired composite matrices require the long term 
stability of silver nanoparticles within cellulose nanofibrils, 
aggregation as depicted in Figure 24 to the right in which nanoparticles have fallen out of 
solution would drastically reduce the usefulness of the product. Data samples became 
unusable as large time intervals between silver nanoparticle synthesis and subsequent 
experiments allowed aggregation to occur. The literature points to colloidal stability of 
nanoparticles of 10 nm, 50 nm, and 100 nm sizes for 7 weeks [25]. However, this 
assumes that the particles are electrostatically stabilized by a protective double layer. 
Observed aggregation could occur within a couple weeks for an otherwise stable 
appearing sample of 1:10 silver nanoparticles. 
5.5: Transmission Electron Microscopy Results 
TEM images were analyzed using the imaging analysis software ImageJ such that 
particle sizes could be determined through analysis of the particle widths in respect to the 
provided scale bar. ImageJ is an imaging tool capable of converting a length in pixels to a 
SI unit of length. ImageJ analysis began with opening the TEM image files of each of the 
silver nanoparticle reactions with varying citrate concentrations. The scale bar provided 
in each TEM image was used as a known length which ImageJ then converted into a 
length in number of pixels. The diameter of nanoparticles within the image could then be 
calculated through the conversion of pixels to distance, but not before background noise 
Figure24: Aggregated Silver 
Nanoparticles Fall Out of Solution  
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was filtered from the image and the nanoparticle boundaries better defined. Filtering 
combined an understanding of the size range one might expect with an educated guess 
from observation of the TEM image; expected particle size from DLS was considered. 
Nanoparticles overlapping in the image may have been difficult to distinguish. 
The TEM image is limited in its ability to consistently capture the full range of particle 
sizes. If the instrument height is optimized to capture images of NPs of 100 nm diameter, 
it was observed that smaller particles, with 10 nm diameter for example, were out of 
focus and did not appear in some images. Additionally, because of the low concentration 
of nanoparticles in solution, there was great difficulty in locating nanoparticles for 
imaging. Because of this, both nanoparticle solutions with initial citrate concentrations of 
6 mM and 7 mM show poor data, and the 6 mM TEM was not included for statistics. 
Visual comparison of the original TEM images with the resulting filtered image 
was done prior to calculation of ImageJ object diameters, as shown below in Figure 25 in 
an attempt to produce more accurate particle sizing from TEM images. These diameters 
were then compared to size numbers for nanoparticle diameters obtained from the DLS. 
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Objects of up to 12 pixels were removed from the image.  This was intended to remove 
noise from the TEM image, leaving only objects that were nanoparticles. The resulting 
histograms show a loose trend that the lower citrate concentrations show heterodisperse 
particle sizing, while 9 and 10 mM citrate recipes show more monodisperse size 
distributions without large particles greater than 60 nm in diameter. 1:7 and 1:8 ratios are 
of questionable data quality and were not considered to definitively support DLS data, 
though the data loosely falls between that of the 1:5 and 1:10 ratios. Artifacts from TEM 
images and noise are likely responsible for some data indicating the presence of 
nanoparticles <5 nm, as with the high count number in the 1:8 ratio. 
5.5.1: Silver Nanoparticles Synthesized with Sodium Citrate 
When the image was analyzed using ImageJ, the size of the particles were found 
to mostly be around 10 nm, which was approximately what was seen in DLS results. The 
below TEM image of 1:10 citrate ratio was used to determine approximate sizes of 
Figure 25: Comparison of Silver Nanoparticles Synthesized by 1:5 
Ag:Citrate Enhanced within ImageJ software with raw TEM Images 
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nanoparticles synthesized. Highlighted in bright green are a number of particles, with 
diameters ranging from approximately 5-50 nm. 
 
 TEM images of the nanoparticles resulting from the 1:6 ratio of silver nitrate to 
sodium citrate lacked sample size as well as the size distribution found in DLS data. 
Nanoparticles were difficult to find as the concentration of nanoparticles was low. 
Additionally, adjusting the TEM instrument to view one size of particle may result in 
other sizes of particles becoming out of focus. This narrows the size distribution seen in 
analysis of TEM. 
 
Figure 26: TEM Image of Silver Nanoparticles Synthesized 
with 10mM Citrate Reducing Agent 
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Figure 28: TEM Image of Silver Nanoparticles Synthesized 
via 5mM Citrate Reducing Agent 
Although nanoparticle clusters were seen in all ratios, the aggregation was most 
prominent in the 1:5 and 1:6 ratios. These ratios produced micron scale clusters. Particle 
clusters of this size are undesirable for SERS enhancement. SERS enhancement is 
proportional to particle size, but a monodisperse sol would give the most useful 
information, as it could be used to determine the concentration of target molecule present, 
and if that concentration was at a permissible level. Clustered silver nanoparticles would 
waste chemicals, as dispersion into CNF would be poor. Given equal starting material, a 
silver sol of smaller sizes, if properly dispersed, would be more capable of covering 
greater surface area for enhancement. 
 
Figure 27: TEM of Aggregated Silver Nanoparticles 
Synthesized via 5mM Citrate Reducing Agent 
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Figure 29: Number of Particles <40nm by Size for 1:5 to 1:10 Ag:Citrate 
Silver Nanoparticle Synthesis at 35 minutes from TEM 
Figure 30: Number of Particles >40nm by Size for 1:5 to 1:10 Ag:Citrate Silver 
Nanoparticle Synthesis at 35 minutes from TEM 
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TEM of 1:5 and 1:10 ratios are the best data of the various citrate concentrations. As 
supported in DLS measurements, the 1:5 ratio shows the greatest polydispersity, with 
some particle aggregates larger than 100 nm. The 1:10 ratio produced some particles 
within the 30-50 nm range, but most particles were approximately 10 nm in diameter. 
5.5.2: Silver Nanoparticles and CNF 
TEM was taken of a very dilute solution containing CNF and silver nanoparticles. 
A 300 time dilution of CNF at 3wt% was made, diluted with aqueous silver nanoparticle 
solution synthesized by the 1:10 Ag:NaCit synthesized nanoparticles. Particles of ~50 nm 
appear to associate with cellulose nanofibrils. These nanoparticles do not appear to be 
entrained within the fibrils, but one might imagine the silver nanoparticles to be of an 
adequate size. There is little uniformity in the size of the spacing between fibrils; rather, 
one might imagine a range of sizes might be capable of entrainment within a CNF 
composite matrix, though long-term stability of such particles may be of concern. 
 
Figure 31: TEM of ~50 nm Silver Nanoparticles in dilute 
CNF solution 
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5.6: Raman Spectra  
 
Figure 32: Raman Spectra for Crystal Violet taken in 
collaboration with Muhammad Hossen 
Figure 33: SERS Enhancement Comparison between 
Silver NPs in CNC and CNF at Various Laser Powers 
taken in collaboration with Muhammad Hossen 
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The Raman spectrum shows the Raman shift peaks for crystal violet. Upon excitation by 
a 532 nm laser, emitted photons exhibited frequency shifts of values corresponding to 
wavenumbers (cm-1) along the x-axis with intensities (a.u.) given by the y-values. A peak 
at approximately 1364cm-1 corresponding to N-phenyl stretching of the crystal violet 
molecule [38], was chosen for further analysis as it was the highest intensity peak. 
Comparison of signal enhancement by silver nanoparticles in CNC and CNF composite 
matrices were taken at this wavelength; as the laser power was increased, it became clear 
that the silver-CNF composite matrix was capable of greater signal enhancement. 
 
 
 
 
5.7: Porosity 
Figure 34 shows that within the patent pending drying setup of porous blocks, 
porosity decreases as the CNF slurry is dried over time starting from a porosity of 97%. 
As time passes, the pores within a CNF composite matrix become smaller, making it 
difficult for silicone oil to gain access to all the pores in sample removed at later times 
from the drying setup. As such the left side of the graph is theoretically more accurate 
than the right, which includes data taken at later times. 
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The plastic region is perhaps the most easily characterized, as it reaches a balance for 
both easy handling and ease in which Silicone oil gains access to its pores. This data may 
be used to optimize porosity for Raman signal. Samples containing silver nanoparticles 
dried under the specified constant conditions and taken at various time intervals 
corresponding to a range of porosities given in the graph will be used as Raman 
substrates, and later compared for SERS enhancement. This may then indicate a porosity 
at which the synthesized silver nanoparticles are best engineered for greatest surface 
coverage and dispersion. 
5.8: Scanning Electron Microscopy 
As CNF is a non-conducting material, and as such special measures discussed in the 
Background Section were taken to elucidate silver nanoparticles at the surface of CNF. 
SEM imaging was also made more challenging due to the low concentration of silver 
nanoparticles. These images revealed that silver nanoparticles of similar sizes were 
Figure 34: Porosity Measurement of Silver Nanoparticles-Cellulose Nanofibrils 
Composite matrix Using Silicone Oil Method, data collected in collaboration with 
Muhammad Hossen 
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clumping together on the CNF surface. This was suggested to be because of Van der 
Waals forces. 
     
Particles of two size ranges are shown circled in teal and red. The Van der Waals force is 
likely responsible for like-particles clumping together on the CNF surface. It is 
anticipated that adjustment of pH will solve this problem. 
      
Figure 35: SEM of the Silver Nanoparticles of varying sizes at the 
surface of a CNF composite matrix 
Figure 36: SEM of the Silver Nanoparticles of varying sizes at the 
surface of a CNF composite matrix 
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Medium range nanoparticles highlighted with a red circle happen to appear better 
dispersed in the SEM image. The large particles circled in green are not entrapped by 
cellulose nanofibrils, though they appear associated with or adsorbed to the surface of 
CNF. The image may not be resolved well enough to determine if any nanoparticles 
circled in red are entrained. 
5.9: pH and Zeta Potential Optimization 
In maximizing pH, the effective charge repulsion between particles is maximized, 
perhaps in addition to the surface energy to a value at which the nanoparticles are most 
stable [21]. The first experiment of zeta potential conducted utilized sodium hydroxide as 
a strong base and 5% acetic acid, a weak acid, to adjust the pH of the sol. Due to concern 
that the base’s strength may be affecting our understanding of the system, two further 
experiments were conducted. One approached the problem by introducing no new 
chemical species, but rather adding addition sodium citrate after the reaction had 
completed. The citrate ion results in a weak base, slowly raising the pH of the solution as 
more is added. This method is both limited by the screening effect and the solubility 
constant of sodium citrate. Due to high uncertainty in zeta potential measurements and 
this particular experiment only having been performed once, there is little to be said of a 
trend. 
The experiment of pH and zeta optimization using sodium citrate was performed 
with silver nanoparticles from a 1:10 Ag:Cit synthesis which produced particles of 
approximately 10 nm. With sodium citrate as the only chemical added, it appears that 
upon completion of the double layer, the screening effect quickly surpasses any 
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additional stability in additional sodium citrate, causing nanoparticles to fall out of 
solution. For this reason the nanoparticles fall out of solution before a pH of 8 can be 
reached by addition of sodium citrate. The literature indicates that nanoparticles of 
varying size may behave differently [23], and thus further experimentation is required to 
gain full understanding of the system as well as to provide adequate statistics. The 
literature points to 100 nm particles reaching greater stability [23], which contrasts with 
observations made, as large particles were often seen to fall out of solution more rapidly 
than aggregation of silver NP solutions containing smaller particles. The literature might 
be explained by citrate ions more readily forming a double layer on larger particles as 
they may not be in as close proximity to other citrate ions’ repulsive charges on the 
surface of the same particle [23]. It should be noted that the measurements of zeta 
potential in the literature, in addition to those made in experiments, follow poor 
correlations, if any may be made. It is from a combination of observation and zeta 
potentials that one may indicate slightly basic pH values as providing greater stability. 
The deionized water was found to be at a neutral pH of approximately 7, as 10 
mL was tested using the pH meter. Upon the addition of both sodium citrate and silver 
nitrate solutions, the pH rose to a more basic 7.2. After the reaction, with zeta potential 
data from the adjustment of pH, it was concluded that a more basic pH granted the 
system better stability. With only sodium citrate, a pH of approximately 7.3 was found to 
be a turning point in the stability of the solution. At a pH of 7.3, the colloidal system had 
the most negative zeta potential, the extrema previously discussed. Solutions above the 
pH 7.3, or adding more sodium citrate to increase pH, resulted in less negative zeta 
potentials, meaning that the repulsive forces had less effect, and the screening effect 
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began to dominate. The negative charges felt were less negative, due to the presence of 
the sodium ion. This effect arising from presence of sodium ion will be true for all 
experiments in adjustment of pH, but the screen effect was a greater concern in 
adjustment by sodium citrate. Sodium citrate was needed in greater amounts compared to 
sodium bicarbonate or sodium hydroxide in order to adjust the pH. The surface energy 
and thus surface tension by which the silver nanoparticles are held together may 
experience changes with pH adjustment. Figure 37 shows the results of silver 
nanoparticle solution pH control by addition of sodium citrate as well as control by 
addition of sodium bicarbonate. As the magnitude of zeta potential increases, so does the 
stability of the solution. Further tests may yield an optimal system for stability. 
 
Chapter 6: Conclusions and Future Progress 
A reproducible, monodisperse size distribution of desired size range between 30-
50nm silver nanoparticles continues to be difficult to synthesize. However, one may find 
Figure 37: Dependence of Zeta Potential and Stability on pH, 
adjustment by adding Sodium Citrate or Sodium Bicarbonate 
Figure 38: Dependence of Zeta Potential and Stability on pH, 
Literature Values for 10 nm, 50 nm, and 100 nm Citrate Reduced 
Silver NPs [23] 
 
 
73 
that with careful selection of reaction parameters including reducing agent, temperature, 
and time, control over nanoparticle size is possible. Although time consuming, 
investigating parameters will likely yield a set of optimal reaction conditions that would 
be ideal for obtaining monodisperse silver nanoparticles of any size range, as 
nanoparticles synthesized by methods within this paper showed a large potential range. 
Gum acacia as reducing agent alone is too weak to successfully produce monodisperse 
nanoparticles. Conversely, sodium borohydride is too strong a reducing agent. Both 
tannic acid and sodium citrate are considered to be reducing agents with desirable 
reduction potential. Currently the 1:10 Ag:Citrate synthesis shows the most promising 
control in its monodispersity and simplicity for Raman characterization. 
Preliminary data shows the silver nanoparticle solutions have improved stability 
at slightly basic pHs, with excess sodium citrate or sodium bicarbonate added after 
completion of synthesis. Sodium borohydride was more effective in altering pH than 
sodium citrate, as pH was successfully adjusted over a greater range without particles 
falling out of solution due to the screening effect present with the addition of sodium ion 
of either sodium citrate or sodium bicarbonate. As stated further tests are necessary to 
determine a pH at which greatest stability may be obtained. 
Sigma Aldrich prices 40nm silver nanoparticles as more expensive than both 
20nm and 60nm particles; this may be due to the difficulty in timing and reproducibility 
to halt the reaction at the proper time to produce particles of this size [39]. Although 
speculative, reduction by sodium citrate may follow a similar pattern to that found with 
sodium borohydride, but at a slower rate. This pattern was that stability is found at a 
small size range, perhaps 10 nm, and larger sizes of over 60nm [8]. The growth of silver 
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nanoparticles between these size ranges may encounter varying levels of stability or 
meta-stability, and depending upon the reducing agent and electrostatics of the system, 
various particle sizes may exist as transient states [8]. 
Silver nanorods, having a higher aspect ratio, may produce greater signal 
enhancement; it was predicted that they are capable of producing a greater 
electromagnetic field. Shape is considered due to the importance of an electromagnetic 
field’s orientation. Difficulties in proper orientation could reduce the effectiveness of the 
SERS effect with these rod shaped nanoparticles. Silver nanowire arrays are also of 
interest for signal enhancement, and would also potentially produce greater signal 
enhancement [39]. 
A better setup for the controlled synthesis of silver nanoparticles by the addition 
of a thermistor into the round bottom flask would be a simple improvement. Thermistors 
are small sensors which produce a resistance inversely proportional to temperature. This 
would be a great improvement over the thermometer. Currently if the temperature of the 
hot plate is changed, there is an unknown time delay for the oil bath, round bottom flask, 
and reacting solution to reach an approximate thermal equilibrium. With the addition of 
the thermistor, one could monitor the instantaneous temperature within the reaction 
vessel, as the thermometer does not fit into the closed system. The operating temperature 
range of Honeywell thermistors, -60°C to 300°C, would be well within our procedural 
temperatures [40]. The hot plate could also be improved, as both the temperature and 
stirring controls are analog on the current model used. Although the hot plate has an 
analog control, the temperature readings are in multiples of 5. A digital control for 
stirring would likely increase reproducibility. 
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Integrating the silver nanoparticle solution into the mass colloider during an early 
stage of the cellulose nanofiber synthesis may be necessary to achieve better dispersion. 
Currently the 3wt% slurry is hand mixed with deionized water or silver nanoparticle 
solution before being brought to the drying setup. 
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